GPCRs (G-protein-coupled receptors) are preferentially N-glycosylated on ECL2 (extracellular loop 2). We previously showed that N-glycosylation of ECL2 was crucial for cell-surface expression of the hAT 1 receptor (human angiotensin II receptor subtype 1). Here, we ask whether positioning of the N-glycosylation sites within the various ECLs of the receptor is a vital determinant in the functional expression of hAT 1 receptor at the cell surface. Artificial N-glycosylation sequons (Asn-Xaa-Ser/Thr) were engineered into ECL1, ECL2 and ECL3. N-glycosylation of ECL1 caused a very significant decrease in affinity and cell surface expression of the resulting receptor. Shifting the position of the ECL2 glycosylation site by two residues led to the synthesis of a misfolded receptor which, nevertheless, was trafficked to the cell surface. The misfolded nature of this receptor is supported by an increased interaction with the chaperone HSP70 (heat-shock protein 70). Introduction of N-glycosylation motifs into ECL3 yielded mutant receptors with normal affinity, but low levels of cell surface expression caused by proteasomal degradation. This behaviour differed from that observed for the aglycosylated receptor, which accumulated in the endoplasmic reticulum. These results show how positioning of the N-glycosylation sites altered many properties of the AT 1 receptor, such as targeting, folding, affinity, cell surface expression and quality control.
INTRODUCTION
A large number of hormones, neurotransmitters, chemokines and sensory stimuli exert their effects on cells and organisms by binding to GPCRs (G-protein-coupled receptors). Heterotrimeric G-proteins transduce the binding of ligands to these receptors into intracellular signals, which underlie many physiological responses of tissues and organisms. In order for a GPCR to elicit intracellular signalling, it must first go through a series of biosynthetic events aimed at sending the right quantity of properly folded functional receptors to the plasma membrane. Accumulation and aggregation of misfolded proteins in the ER (endoplasmic reticulum) are linked to many diseases, such as nephrogenic diabetes insipidus through the V 2 vasopressin receptor [1] , early onset familial Alzheimer's disease through the β-amyloid protein, Parkinson's disease through α-synuclein [2] , prion disease [3] , α 1 -antitrypsin deficiency [4] , retinitis pigmentosa through opsin [5] and Type II diabetes mellitus through amylin [6] . Accumulating evidence indicates that glycosylation plays a critical role in protein folding in the ER [7] [8] [9] . The vast majority of secreted and cell surface proteins that transit through the ER are N-glycosylated (95 % of GPCRs). The functions associated with this co-translational modification are still the subject of numerous studies. N-linked oligosaccharides have been implicated in various cellular activities, such as lectin-based sorting along the secretory pathway [10] , targeting to lyzosome as a consequence of mannose-6-phosphate modification [11] , ERAD (ER-associated degradation) as a consequence of mannose trimming [12] , quality control through the calnexin cycle [13] , folding through the alteration of hydrophobicity [9] , protection from protease-mediated degradation [14, 15] , immune evasion [16] and cell-cell interactions [17] .
The AT 1 receptor (angiotensin II receptor subtype I) is a GPCR involved in many physiological processes, such as regulation of blood pressure, salt and water homoeostasis and myoproliferation [18] . In a previous study, we showed that the three consensus sequences for N-linked glycosylation at asparagine residues 4, 176 and 188 were occupied by oligosaccharides and were critically involved in cell surface targeting of the AT 1 receptor [19] . Disruption of the glycosylation consensus sequence at position 176 alone caused a dramatic decrease in cell surface expression. We also showed that a large proportion of aglycosylated AT 1 receptor (AT 1 -AG) remained trapped in the ER. These results are supported by another study, which concluded that the level of expression of AT 1 receptor at the plasma membrane positively correlated with the number of N-linked oligosaccharide attachment sites [20] . Furthermore, another study concluded that AT 1 receptor glycosylation was involved in membrane targeting, since removal of the glycosylation sequons caused the accumulation of receptors in a perinuclear compartment [21] .
GPCRs are preferentially N-glycosylated on ECL2 (extracellular loop 2). In-depth screening of human non-orphan GPCRs from the GPCR database (http://www.gpcr.org/) revealed that of the receptors glycosylated in at least one ECL, 66 % contained the tripeptide sequon (Asn-Xaa-Ser/Thr) in the ECL2, and only 14 % and 20 % in ECL1 and ECL3 respectively. Evidence further suggests that the optimal properties of GPCRs are intimately related to the location of N-glycosylation sites. To determine whether the positioning of the glycosylation sites within the various extracellular loops of the receptor is a vital determinant in Abbreviations used: AFU, arbitrary fluorescence units; AngII, angiotensin II; (h)AT 1 1 To whom correspondence should be addressed (email gaetan.guillemette@usherbrooke.ca).
hAT 1 (human AT 1 ) biosynthesis, we evaluated the site specificity of N-linked oligosaccharides by constructing a series of mutant receptors incorporating glycosylation sequons into ECL1, ECL2, ECL3 and ICL1 (intracellular loop 1).
EXPERIMENTAL

Materials
The cDNA clone encoding the hAT 1 receptor with a FLAG epitope at the N-terminus was constructed and subcloned in the mammalian expression vector pcDNA3 (Invitrogen Life Technologies and purified by HPLC on a C-18 column. The specific activity was determined by self-displacement in our binding system. Briefly, a saturation curve, with increasing concentrations of the radioactive ligand, and a dose-displacement curve, with a fixed concentration of the radioactive ligand inhibited by increasing concentrations of unlabelled homologous peptide, were performed simultaneously using a bovine adrenal cortex membrane preparation. We estimated the amount of radioactive ligand necessary to obtain an occupation ratio in the saturation curve corresponding to the occupation ratio obtained with a known amount of unlabelled peptide in the dose-displacement curve.
Construction of AT 1 receptor mutants
PCR-mediated mutagenesis was carried out with the Expand High Fidelity PCR System (Roche Molecular Biochemicals, Laval, QC, Canada) using the overlapping primer method to insert glycosylation consensus sequences into the hAT 1 receptor cDNA, which was cloned into the pcDNA3 plasmid at the HindIII/XbaI restriction sites. Two overlapping mutagenic primers were used individually with two vector-based primers at the extremities. Following the first two individual rounds of amplification, the PCR products were denatured and combined. Anneal-overlapping mutagenized regions were amplified in the third round of PCR and resulting fragments were cloned into pcDNA3 at the HindIII/XbaI restriction sites. Four mutations were introduced into the wild-type AT 1 cDNA template and the AT 1 -AG cDNA template, generating eight mutant receptors (where underlining indicates the introduced glycosylation sites and bold the mutated nucleotides) (see Y shows natural N-glycosylation sites, whereas X depicts artificial N-glycosylation sites engineered into the hAT 1 receptor cDNA. The numbering is based on the location of asparagine residues, which represent oligosaccharide insertion sites (Asn-Xaa-Ser/Thr).
TTT TAT ATG AAG AAT AAG ACT GTG G-3 ; reverse primer, 5 -C CAC AGT CTT ATT CTT CAT ATA AAA G-3 .Primersused for the non-mutated vector-localized fragment extremities were the same for all PCR reactions: forward primer, 5 -CTG CTT CGC GAT GTA CGG GC-3 ; reverse primer, 5 -AAA CCC GGG TTT AAA CCC-3 . All constructs were submitted to fluorescentprimer-based nucleotide sequencing to confirm cDNA integrity.
Cell culture and transfections
COS-7 cells were grown in DMEM supplemented with 10 % heatinactivated fetal bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin and 2 mM glutamine (complete DMEM) in a humidified atmosphere containing 5 % CO 2 . One day before transfection, 100 mm dishes were seeded with 1.5 × 10 6 cells, 60 mm plates were seeded with 5 × 10 5 cells and 35 mm plates were seeded with 2.5 × 10 5 cells per well. The cells were transfected 18 h later in serum-free DMEM with 4 µg of DNA and 25 µl of lipofectamine (100 mm plates), 1.25 µg of DNA and 10 µl of lipofectamine (60 mm plates) or 0.5 µg of DNA and 4 µl of lipofectamine (35 mm plates). The plates were incubated for 5 h at 37
• C, after which the medium was replaced with serum-rich complete DMEM. Two days after transfection, the cells were washed with PBS and either used immediately for flow cytometry, intracellular calcium assays and immunoblot studies, or stored at − 80
• C for binding, photolabelling and post-treatment metabolic labelling studies.
Binding experiments
Frozen COS-7 cells were thawed, gently scraped in cold washing buffer (25 mM Tris/HCl, pH 7.4, 100 mM NaCl and 5 mM MgCl 2 ), centrifuged at 3000 g for 15 min at 4
• C and dispersed in binding buffer (washing buffer with 0.1 % BSA and 0.01 % bacitracin). Broken cells were incubated for 1 h at room temperature in binding buffer containing increasing concentrations of 125 I-[Sar 1 ,Ile 8 ]AngII in a final volume of 0.5 ml. The bound radioactive ligand was separated from free ligand by filtration through GF/C filters, presoaked for at least 2 h in binding buffer. Non-specific binding was measured in the presence of 1 µM unlabelled AngII. Receptor-bound radioactivity was evaluated by gamma-counting.
Photoaffinity labelling
Broken COS-7 cells (1 × 10 6 cells) were prepared as for the binding experiments and incubated for 1 h at room temperature with 5 nM 125 I-[L-Bpa 8 ]AngII in 1 ml of binding buffer. They were then washed twice with PBS and irradiated for 45 min at 0
• C under filtered UV light (365 nm). Photolabelled receptors were solubilized in 150 µl of medium containing 50 mM Tris/HCl, pH 7.4, 1 % Nonidet P40, 150 mM NaCl and 1 mM PMSF. After centrifugation at 15 000 g for 10 min to remove insoluble material, the supernatant was mixed with an equal volume of 2 × Laemmli solution and incubated for 60 min at 37
• C before electrophoresis on a 10 % polyacrylamide gel at 20 mA. Gels were dried under vacuum before autoradiography with a Kodak Biomax MS film.
IP/IB (immunoprecipitation and immunoblotting)
COS-7 cells expressing glycosylation mutants were washed by centrifugation at 2000 g for 15 min at 4
• C and resuspended in RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 % Nonidet P40, 0.1 % deoxycholate, 5 mM NaN 3 and 1 mM CaCl 2 ) with Complete protease inhibitor cocktail (Roche) under gentle agitation for 60 min at 4
• C. Cell lysates were then centrifuged at 15 000 g for 15 min at 4
• C to remove insoluble material and immunoprecipitation was performed by adding anti-FLAG M1 antibody (1:1000) under gentle agitation overnight at 4
• C with 30 µl of Protein A/G-agarose (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). After three washes with RIPA buffer, the immunoprecipitated proteins were resuspended in Laemmli's buffer and heated for 30 min at 55
• C. Purified proteins were separated by SDS/PAGE, transferred on to a PVDF membrane (Millipore) and blocked in Tris-buffered saline (TBS-T: 50 mM Tris, 150 mM NaCl, 1 mM CaCl 2 and 0.1 % Tween 20) supplemented with 5 % non-fat dried milk for 60 min, and immunoblotted with either a monoclonal anti-FLAG M1 antibody (1:3000) or a polyclonal rabbit anti-HSP70 antibody (1:2000). The primary antibody was probed with either a mouse or donkey alkaline phosphatase-conjugated secondary antibody (1:5000 or 1:20 000), and the proteins were visualized with the ECL ® system (Amersham Pharmacia Biotech) on a Bio-Max ML film (Eastman Kodak). 
Inositol phosphate accumulation
COS-7 cells were labelled for 18 h in Medium 199 containing 15 µCi/ml of myo-[
3 H]inositol. Cells were stimulated with different concentrations of AngII for 10 min at 37
• C in Medium 199 containing 25 mM Hepes, pH 7.4, 10 mM LiCl and 0.1 % BSA. Incubations were stopped by addition of perchloric acid (5 %, v/v). Water-soluble inositol phosphates were extracted with an equal volume of 1,1,2-trichlorotrifluoroethane and tri-n-octylamine. The samples were vigorously mixed and centrifuged at 15 000 g for 15 min at 4
• C. The upper phase was applied to an AG 1-X8 resin column and inositol phosphates were sequentially eluted by addition of ammonium formate/formic acid solutions of increasing ionic strength. Radioactive Ins(4,5)P 2 and Ins(1,4,5)P 3 content was evaluated by liquid scintillation counting.
Metabolic labelling
Metabolic labelling was performed 24 h post-transfection by incubating COS-7 cells in DMEM (without cysteine or methionine) containing 50 µCi/ml [ 35 S]methionine/cysteine for 2 h at 37
• C. When needed, the proteasome inhibitor lactacystin (10 µM) was added 1 h before pulse labelling and this concentration was maintained throughout the experiment. The pulse was terminated by washing the cells twice with PBS and chasing for different periods of time in complete DMEM. The cells were then washed with PBS and stored at − 80
• C before immunoprecipitation and SDS/ PAGE. For the detection of 35 S radioactivity, the gels were treated with EN 3 HANCE ® (PerkinElmer Life Sciences) according to the manufacturer's instructions, dried and exposed at − 80
• C for 1-3 days using Biomax MR film and intensifying screens (Eastman Kodak). The relative intensities of the labelled bands were analysed by densitometric scanning using the Bio-Rad GS-250 Phosphoimager system and analysis software (Mississauga, ON, Canada).
RESULTS
Artificial N-glycosylation sequons are occupied by oligosaccharides
To verify that the artificial glycosylation sites engineered into the AT 1 receptor cDNA were occupied by oligosaccharides, each AT 1 receptor mutant was photolabeled with 125 I-[L-Bpa 8 ]AngII and analysed by SDS/PAGE and autoradiography. The wild-type AT 1 receptor (AT 1 -WT) migrated as a broad band between 80 and 140 kDa (Figure 2A) , with an average molecular mass of 105 kDa. The broadness of the band was consistent with the glycoprotein nature of the receptor [19] . To discriminate further between the molecular masses of the mutant receptors, the electrophoresis was prolonged for 2 h. Figures 2(B) and 2(C) show that mutants AT 1 -4,96,176,188 and AT 1 -4,176,188,269 (where underlining indicates the introduced glycosylation sites) had slower electrophoretic mobilities corresponding to average molecular masses of 130 kDa and 118 kDa respectively, suggesting that they contained four N-linked oligosaccharides. AT 1 -WT and AT 1 -4,174,188 had average molecular masses of 105 kDa, which was consistent with three N-linked oligosaccharides. The characteristic change in electrophoretic mobility of hyperglycosylated receptors observed by SDS/PAGE was seen as an upward shift in the bottom end of the diffuse glycoprotein band. AT 1 -AG migrated as a 35 and 38 kDa doublet (Figure 2A) . The electrophoretic mobility of After solubilization, the samples were resolved on 10 % SDS/PAGE followed by autoradiography, as described in the Experimental section. Electrophoresis of selected mutant receptors was prolonged for 2 h with a small (B) and large (C) amount of specifically photolabelled receptor complex to highlight the shift in electrophoretic mobility. Protein standards of the indicated molecular-mass markers were run in parallel (values shown on the left-hand side of the gels in kDa). These results are representative of at least three independent experiments. mutant AT 1 -59 was similar to that of AT 1 -AG, suggesting that the intracellular glycosylation consensus sequence did not permit the insertion of carbohydrate moieties. Mutants AT 1 -174 and AT 1 -176, which contained a single glycosylation sequence, had an average molecular mass of 80 kDa, whereas mutants AT 1 -96 and AT 1 -269 were undetectable using this approach. These results showed a good correlation between the electrophoretic mobility of the photolabelled mutant receptors and their predicted number of glycosylation sites. Figure 5 (B) shows the cell surface expression of all the glycosylation mutants evaluated by flow cytometry. The cell surface expression of all the mutant receptors mirrored the expression levels observed in the binding studies, with the exception of both ECL2 mutants.
Immunoblot studies of AT 1 receptor glycosylation mutants
Mutant receptors were transiently transfected into COS-7 cells and total receptor expression was evaluated by IP/IB assays. All immunoreactive bands were specifically recognized by the anti-FLAG antibody except for the 58/62 kDa doublet, which also appeared in the mock-transfected cells ( Figure 6 ). The major immunoreactive band for AT 1 -WT appeared between 80 and 140 kDa, which is characteristic of the migration pattern on SDS/ PAGE. Immunoreactive bands of greater electrophoretic mobility (42, 45 and 48 kDa) were also observed for AT 1 -WT. Not surprisingly, for the various glycosylation mutants, the molecular masses of these bands were proportional to the number of glycosylation sites present on the receptor. Furthermore, it appears that mono-glycosylated and aglycosylated receptors had a greater tendency to aggregate, as immunoreactive bands corresponding to the molecular masses of dimers and trimers were observed for these mutant receptors. Interestingly, AT 1 -269 had only a single 37 kDa band, whereas all the other mutant receptors had at least two immunoreactive low molecular mass bands. Furthermore, the mature forms of receptors containing four N-glycosylation consensus sequences (AT 1 -4,96,176,188 and AT 1 -4,176,188,269) had higher average molecular masses than receptors containing three consensus sequences (AT 1 -4,176,188 and AT 1 -4,174,188). 
AT 1 -269, but not AT 1 -AG, is degraded by the proteasome
To follow the maturation of selected glycosylation mutants, metabolic labeling studies were performed. The degradation kinetics of the aglycosylated receptor was compared with that of AT 1 -269. COS-7 cells transiently transfected with these two receptors were radioactively labelled for 2 h. Figure 7 shows representative gels and corresponding histograms where AT 1 -AG and AT 1 -269 were chased for 2 h in the presence or absence of lactacystin, a specific non-reversible proteasome inhibitor. The amount of pulse-labelled AT 1 -AG, which accumulates in a perinuclear organelle colocalizing with ER-specific markers [19] , remained stable in the presence (10.4 + − 2.2 % degradation) or absence (3.6 + − 11.7 % degradation) of lactacystin after a 2 h chase. However, the extensive degradation by the proteasome of ECL3 mutant AT 1 -269 during the 2 h chase (60.8 + − 1.1 % degradation) was significantly reduced in the presence of lactacystin (22.6 + − 3.2 % degradation).
ECL2 mutants are targeted to the plasma membrane in a misfolded conformation
Binding and flow cytometry studies corroborated membrane expression levels for all receptors that had affinities similar to that of the WT receptor, except for the ECL2 mutants ( Figure 8A ). The correlation coefficient (R 2 ) was 0.96 when the ECL2 mutant receptors were excluded from the correlation, whereas R 2 decreased to 0.49 when they were included. These results suggest that one population of ECL2 mutants was present at the plasma membrane in a severely misfolded conformation that was unable to bind ligand. We hypothesized that these ECL2 mutants, if misfolded, would mediate stronger interactions with quality control chaperones, such as HSP70. The IP/IB studies presented in Figure 8(B) show that HSP70 co-precipitated with AT 1 -WT Figure 7 Degradation kinetics of selected AT 1 receptor glycosylation mutants COS-7 cells expressing AT 1 -AG (A) and AT 1 -269 (B) mutants were pulse labelled for 2 h with 50 µCi/ml EXPRE 35 S 35 S, and subsequently chased for up to 2 h in the presence or absence of lactacystin (10 µM). When needed, lactacystin was added 1 h before the pulse and maintained throughout the experiment. Labelled receptors were immunoprecipitated from cell lysates with anti-FLAG antibody, separated by SDS/PAGE (10 % gel) and subjected to densitometric analysis using Phosphoimager technology. The results are expressed as the means + − S.D. for three independent experiments. Representative autoradiograms are shown above each graph; carbonic anhydrase (35 kDa) was run in parallel.
(lanes 2 and 3), whereas mock-transfected cells were unable to coimmunoprecipitate HSP70 (lane 1). Interestingly, AT 1 -4,174,188 was able to immunoprecipitate more HSP70 than AT 1 -WT (Figure 8B, lanes 4 and 5) . In order to control for AT 1 receptor expression levels, the membranes were stripped and reblotted with the anti-FLAG antibody recognizing the epitope-tagged receptor, showing a similar amount of mature and immature WT and ECL2 mutant receptors.
Immunoblot studies were also performed to evaluate the expression level of Grp78/BiP, a chaperone up-regulated during the UPR (unfolded protein response), in COS-7 cells expressing the WT, AG and ECL2 mutant AT 1 receptors. There were no differences in the immunoreactivity of Grp78/BiP following the expression of AT 1 -WT or AT 1 -4,174,188 ( Figure 8C, lanes 11-13) , whereas the expression of AT 1 -AG, which is known to accumulate in the ER, induced a significant UPR ( Figure 8D, lanes 14 and 15) . 
DISCUSSION
In the present study, we used a mutagenesis approach to study the site specificity of N-glycosylation sites by inserting non-natural consensus sequences into AT 1 receptor cDNA. To our knowledge, this is the first study to address the role of glycosylation positioning on the pharmacological properties, expression levels and cellular localization of a GPCR. We previously showed that the ECL2 oligosaccharide at position 176 is crucial for cell surface targeting of the receptor [19] . An evaluation of all human nonorphan GPCRs from the GPCR database (http://www.gpcr.org/) revealed a higher frequency of ECL2 glycosylation compared with ECL1 and ECL3. We therefore inserted novel glycosylation sequons into ECL1 and ECL3 and shifted the critical ECL2 position 176 sequon to position 174 to evaluate the intraloop and interloop specificity of AT 1 receptor glycosylation.
Functionality
We first evaluated the ability of the mutant receptors to elicit a calcium response using a functional assay that evaluates a biological response further down the signaling pathway of this G qcoupled receptor. All mutant receptors were able to mobilize calcium and the changes in intracellular calcium concentration correlated with the amount of receptor present at the cell surface. Even low-affinity ECL1-glycosylated mutants were able to elicit calcium transients as the concentration used for receptor stimulation was saturating. We [19] and others [20, 21] have shown that removing endogenous glycosylation sites from the AT 1 receptor does not affect its ability to produce a functional response. We thus concluded that both the addition and removal of AT 1 receptor oligosaccharides did not affect its functional coupling to G q -coupled receptor.
Glycosylation on ECL1
When an N-glycosylation sequon was added to ECL1, we observed significant decreases in the binding affinities of two mutant receptors (AT 1 -4,96,176,188 and AT 1 -96). A very significant decrease in cell surface expression was also observed for AT 1 -4,96,176,188 and AT 1 -96. Nonetheless, a small population of ECL1 mutants was targeted to the plasma membrane and showed a low-binding affinity. This decreased affinity could either be attributed to receptor misfolding or steric hindrance from the unnaturally located oligosaccharide, which could prevent proper interaction of the ligand in the binding pocket of AT 1 receptor. This phenomenon has recently been shown for the IgG receptor Fcγ RIII, where the presence of the endogenous glycan at position 163 significantly decreases binding affinity towards immunoglobulin, whereas a mutation preventing glycosylation of this position increases binding affinity [22] . Conversely, all three N-glycosylation sites of the GM-CSF (granulocyte/macrophage colony-stimulating factor) receptor GMRβ (haematopoietin superfamily of receptors) must be occupied by oligosaccharides to form a high-affinity receptor [23] . Although the molecular mechanism involved is still unclear, our studies indicate that glycosylation has a major influence on the pharmacological properties of the AT 1 receptor.
Glycosylation on ECL3
When a glycosylation sequon was inserted in ECL3 (AT 1 -4,176,188,269 and AT 1 -269), no significant change was noted in the binding affinity of the receptors. However, a very significant decrease in membrane expression was observed. In binding studies, AT 1 -269 was the least abundantly expressed receptor (1.5 % of AT 1 -WT). Introduction of artificial N-glycosylation sequons can affect folding and/or targeting. Flahaut et al. [24] rescued cell surface targeting of ER-retained aglycosylated RAMP-1 by inserting a sequon normally present in RAMP-2 and RAMP-3, which are endogenously targeted to the cell surface. However, our results demonstrate that introduction of a glycosylation motif in the third extracellular loop was incompatible with efficient targeting to the cell surface. This could explain why only 20 % of GPCRs are glycosylated in ECL3 compared with 66 % for ECL2.
Glycosylation on ECL2
When we shifted the critical glycosylation site from position 176 to position 174, we observed a very significant decrease in cell surface expression, as evaluated by binding studies. This decrease was similar to that observed by removing position 176 glycosylation altogether. Indeed, the AT 1 -4,174,188, AT 1 -174 and AT 1 -AG receptors were expressed at levels corresponding to 24 %, 15% and 17 % that of the AT 1 -WT receptor, as evaluated by binding studies. Indeed, an octapeptide ligand, such as AngII, mediates many contact points with the AT 1 receptor. For example, position 8 of AngII makes contact with the 7th transmembrane domain [25] , whereas position 3 contacts ECL2 [26] , thus ensuring that only properly folded receptors have high-binding affinity.
To support the results obtained in the binding studies, we also evaluated cell surface expression of the mutant receptors by flow cytometry. The results obtained with this approach are much less dependent on proper folding of the receptor. High heterogeneity was also observed in the level of cell surface expression of the mutant receptors by flow cytometry, but the results essentially mirrored those obtained in the binding studies for all the mutant receptors except the ECL2 mutants ( Figure 8A ). The flow cytometry measurements revealed that the level of expression of the ECL2 mutant receptors was similar to that of the AT 1 -WT receptor. The expression of AT 1 -176 and AT 1 -174 was 96 % and 15 % that of AT 1 -WT receptor respectively when evaluated by binding studies, but was 89 % and 82 % that of the AT 1 -WT receptor when evaluated by flow cytometry. These results suggest that a large proportion of the ECL2 mutant receptors were routed to the cell surface in a misfolded conformation that was unable to recognize the ligand. These results also suggest that ECL2 mutant receptors evaded quality control mechanisms normally present in the ER. Thus two distinct populations of ECL2 mutant receptors were present at the plasma membrane, both of which were recognized by the antibody, but only one of which bound the ligand. We hypothesized that a misfolded receptor mediated greater protein-protein interactions with various quality control chaperones. Indeed, HSP70, which is a cytoplasmic chaperone that binds to hydrophobic patches on newly synthesized proteins [27] , co-precipitated to a greater degree with AT 1 -4,174,188 than AT 1 -WT. Interestingly, unlike ER-localized chaperones, such as calnexin [28] and Grp78/BiP [29] , which interact with the ER intralumenal side of the receptor, HSP70 interacted with the cytoplasmic side of the receptor, thus allowing the interaction to occur throughout its biosynthesis, even at the plasma membrane. In other words, the interaction between HSP70 and AT 1 receptor was not restricted to the ER, as is the case for calnexin and Grp78/BiP.
We showed that the ECL2 mutants were misfolded. The UPR, which results in the upregulation of Grp78/BiP [30] , is caused by misfolded proteins in the ER. We therefore verified whether ECL2 mutants were able to induce UPR. Both AT 1 -WT and the ECL2 mutants were unable to induce UPR, whereas AT 1 -AG, which accumulates in the ER (Figure 7) , significantly increased the expression of Grp78/BiP. The fact that ECL2 mutants were able to traffic to the cell surface in a misfolded conformation suggests that it was the accumulation of protein in the ER, and not the misfolding of proteins in the ER, that induced UPR. These results clearly demonstrate that the aglycosylated receptor, as opposed to the ECL2 mutant, caused the induction of UPR, as indicated by the increase in immunodetected Grp78/BiP.
Glycosylation on ICL1
We also constructed a mutant receptor incorporating a glycosylation consensus sequence in the first intracellular loop. If an N-linked glycan moiety was added to this consensus sequence, either the AT 1 receptor topology or the glycosylation mechanics would have to be re-evaluated. Several studies have introduced artificial glycosylation sequons to assess multipass transmembrane protein topology [31] [32] [33] [34] . Our results showed that the asparagine residue in this new glycosylation consensus sequence in ICL1 could not serve as an acceptor site for the oligosaccharyltransferase enzyme. This confirmed that the cytoplasmic side of the AT 1 receptor did not permit the addition of N-linked oligosaccharides.
Immature AT 1 receptor isoforms
The molecular mass of the major immunoreactive band for AT 1 -WT was between 80 and 140 kDa, which is characteristic of this glycoprotein's migration pattern on SDS/PAGE [19] . An identical band was also present in the photolabelling experiments (Figure 2) , suggesting that this was the form of receptor observed at the plasma membrane. However, Western blots also revealed a series of low molecular mass bands immunoprecipitated from cell lysates that were not seen in photolabelling experiments, suggesting that they were immature receptors not present at the plasma membrane. Moreover, although we observed high molecular mass bands corresponding to dimers and trimers of aglycosylated and monoglycosylated receptors in the IP/IB experiments, no such bands were observed in the photolabelling experiments, suggesting that they were not present at the cell surface. Similar to the aggregation of the vacuolar glycoprotein phaseolin in tunicamycin-treated cells [35] , our under-glycosylated receptors would have an increased tendency to aggregate. The immature forms of aglycosylated AT 1 receptors migrated as a doublet on SDS/PAGE gels. These doublets could thus not be due to glycosylation, but rather some other type of post-translational modification other than O-glycosylation or lipidation at Cys 355 , as these possibilities have been evaluated and rejected by Jayadev et al. [20] . We also observed from the Western blots that the low molecular mass AT 1 -269 mutant band was the only one that did not migrate as a doublet on SDS/PAGE gels. We thus propose that AT 1 -269 receptors may be degraded before being sufficiently advanced in the maturation process to acquire this modification. Metabolic labelling experiments showed that AT 1 -269 was degraded by the proteasome, since a greater proportion of pulse-labelled receptor remained after a 2 h chase in the presence of lactacystin (Figure 7B) . Similar results were obtained when all pulse-labeled receptors were trapped in the ER and prevented from maturing to the cell surface by brefeldine A (results not shown). These results suggest that the degradation kinetics were accelerated for the AT 1 -269 mutant receptor. Furthermore, AT 1 -269 was detected as a 37 kDa species in Western blot analyses, suggesting the absence of oligosaccharides. AT 1 -269 may have been translocated to the cytosol and deglycosylated, as is the case for the δ opioid receptor [36] . Moreover, a post-translocational proteasomal bottleneck causes the accumulation of deglycosylated cytoplasmic forms of misfolded opsin [37] . This is not the case for the AT 1 -AG receptor, which is not degraded by the proteasome (Figure 7A ), although both AT 1 -AG and AT 1 -269 receptors were probably misfolded due to the absence of critical oligosaccharides. The presence of an oligosaccharide on AT 1 -269 would allow it to be recognized by the glycan-based quality control machinery [(EDEM) ER-degradation-enhancing a-mannosidase-like protein)] and targeted for degradation by the proteasome. This is true for a variant of ribophorin I (RI 332 ), where degradation by the proteasome is significantly delayed by treating the cells with an N-glycosylation inhibitor (tunicamycin) or by mutating the only RI 332 glycosylation sequon [38] .
The results of the present study suggest that addition of oligosaccharides to the AT 1 receptor is both interloop and intraloop site-specific, since engineering non-natural sequons into ECL1, ECL2 and ECL3 altered several biosynthetic processes, such as targeting, folding, affinity, cell surface expression and quality control. Further studies are needed to clarify the precise role of oligosaccharides in the above-mentioned biosynthetic processes.
